SI Methods

Individual-based modeling procedure
Growth and division
The individual-based model assumes that an individual cell doubles to two identical cells after a certain amount of carbon is taken up (1, 2) . In this model, a Monod-kinetic parameterization (3) gives the carbon uptake kinetics of individual cells and their biomass accumulation:
(1)
where Bi is the cell dry mass of the individual cell, i, and the maximum rate of substrate uptake is:
(maximum specific growth rate / growth yield). Ks is the half-saturation constant for dissolved oligosaccharide. We assume that dissolved oligosaccharides [C] are the primary limiting substrate for growth, and that all other nutrients (e.g., sources of phosphate and nitrogen) are available at non-rate limiting levels.
For cell i, the actual biomass accumulation ( ) and resources consumed ( ) for maintenance, mi are both assumed to be proportional to the cell's dry mass, Bi, therefore, the net growth in the cell biomass ( ) can be described as follows:
(
The minimum volume of the individual cell at division ( ) is estimated from the descriptive Donachie model (1, 2)
is median volume of the individual cell. If the individual cell volume becomes larger than , the parent cell divides to form two new daughter cells. The individual cells are assumed to be cylindrical. It should be noted that the actual growth kinetics of an individual cell could be limited due to substrate availability within the corresponding mathematical mesh grid ( ) at each time step ( ), therefore if the uptake driven by Eq. 1 is higher than the available substrate in a given mesh grid ( ) then the available substrate is equally shared among the number of individuals inhabiting the same grid ( , n: number of individuals within the same mesh grid). The biological parameters of the kinetic microbial model are summarized in Table S2 .
Microbial active movement
Microbial movement is modeled as flagellar motility: a self-propulsive force guided by chemotaxis that is driven by local substrate gradients (4, 5) . The model describes the chemotactic movement of an individual bacterium as a biased-random walk where the flagella propel a straight "run" by rotational movement of the motor and then reverse the rotation to switch direction with a probability to change direction ("tumble") set by surrounding gradients of chemo-attractants. To apply chemotactic movement to single cells at each time step, the sensitivity of microbial chemoreceptors towards higher substrate concentrations are described using a receptor model that uses the specific growth rate as the chemotactic potential (6, 7) .
Thus, in the biased random walk of an individual bacterium, the probability of transition in a tumbling event into a new (more favorable) direction from the current direction (previous "run") is expressed quantitatively as(1, 6): 
Where α is the factor for the chemotactic motion derived from chemotactic sensitivity coefficient of individual cells to chemo-attractant (8) ,
, bacterial maximum swimming velocity, and the growth rate in response to local gradients, μmax . m is the number of directions that an individual cell could sense the local gradients in 3D surrounding environment. To insure homogenous directional choices, the summation is evaluated with a relatively high number of possible directions (m=20) for each individual cells. This number was chosen because it presents many possible directions, and minimizes the computational burden when scaling up to systems of thousands of individual cells. The distance in which bacterial cells sense a local chemotactic gradient is set equal to the cell length (1 µm). Periodic boundary conditions are assumed for bacterial cells that pass outside of the external boundaries of the system.
Bacteria-particle interactions
Bacterial cells are allowed to attach to the particle surface when they stochastically encounter a particle. The model assumes that bacterial cells attach to the particle upon surface encounter, but that a set detachment probability for each cell allows them to detach from the particle. This probability is invariant over the span of time that cells are surface-associated, which contrasts with many characterized mechanisms by which bacteria form irreversible contact with surfaces(9). To determine the effect of this simplifying assumption on the behavior of the model, we simulated a wide range of detachment probabilities, ranging from no detachment to a relatively high detachment rate (1% detachment probability per second).
Enzymatic activity
Cells in the model can broadcast extracellular enzymes. These enzymes are produced at a constant rate that is proportional to the biomass of the cell, and the enzymes can diffuse into the bulk environment. Enzymes that come into contact with the particle subsequently hydrolyze polysaccharide and release diffusible oligosaccharide at the particle surface. The production of enzyme is assumed to be activated when a bacterial cell adheres to the particle, or when cells take up enough oligosaccharide to support cell maintenance. That is, the process of enzyme production preserves mass conservation. We modeled the rate that an individual cell I broadcasts enzymes ( ) as a conditional linear function to its biomass, :
where is the actual uptake rate by the individual cell and m is the maintenance rate. The diffusion of the enzyme is then solved by considering a source term, equivalent to the total production rate of enzymes from a corresponding cubic mesh grid ( ) and a sink term on the particle source that gives the rate at which enzymes adhere ( ).
Oligosaccharide diffusion-reaction in physical domain
The model explicitly simulates the loss of oligosaccharides to the bulk environment due to the presence of diffusion or flow. This is implemented by absorbing conditions at the boundaries of the simulated domain in which oligosaccharides that arrive at a boundary are lost to the bulk environment with no accumulation. This is a relevant assumption for many aquatic and terrestrial ecosystems, in contrast to soil ecosystems under dry conditions that may impose restrictions on substrate diffusivity or to batch culture where substrates accumulate in culture vessels.
,
, 1:
The transport and uptake of depolymerized oligosaccharides are modelled based on Fick's law of diffusion and mass conservation. We modeled a 3D cubic volume around a single particle and assumed that diffusion of oligosaccharides is the main mode of mass transport. The reactiondiffusion equation is then numerically solved by the finite-difference method, assuming a regular cubic mesh discretization(10):
where Cs is the concentration of oligosaccharide (the product of enzymatic hydrolysis), Ds is the diffusion coefficient of the oligosaccharide and Ss is the oligosaccharide consumption rate (the sink term) due to microbial uptake. Ss is a summation of the individual uptake rates ( ), of all cells within a cubic mesh grid ( , n is the number of individuals in the mesh grid) (10) .
is the production rate of oligosaccharide given from Eq. 11. The mesh grid size is chosen to be approximately 10 µm and the time step used for simulating oligosaccharide diffusion is the same as that used for chemotactic movement for computational simplicity. For each time step, the Dirichlet boundary conditions are applied for the particle surface and the external boundaries of the cubic volume around the particle. The concentration of oligosaccharide at the external boundaries is set to zero to create an absorbing boundary condition (eliminate the accumulation of oligosaccharide). This external boundary condition is similar to that used for enzyme diffusion (below). A convective term is added in the case where oligosaccharide transport processes are modeled around sinking particles.
Enzyme diffusion and decay:
The diffusion of the enzyme is solved by considering a source and sink term, similar to Eq. 7:
is the concentration of broadcast enzyme and DE is the enzyme diffusion coefficient.
Both values can be measured experimentally. In this study, we used an empirical model that decomposes the diffusion coefficient into components describing the viscosity and temperature T of the medium, and molecular weight of the molecule, (11) . In Eq. 7, the adhesion of enzyme to the particle acts as a sink term at the particle surface boundary that is equivalent to the total amount of enzyme that arrives at the particle surface ( , ). The total enzyme accumulation on the particle ( ) is then the integral of the accumulation rate minus the decay rate, :
Enzymes are assumed to decay with first order kinetics, so is a function of the amount of enzyme adsorbed to the particle surface (12) (13) (14) :
where Kl is defined as the enzyme decay coefficient. The depolymerization rate of polysaccharide ( ) to oligosaccharide is therefore a function of the particle-adsorbed enzyme ( ) with a linear empirical relationship:
where is the particle lability, defined as a lumped parameter that resembles biopolymer and enzyme biochemistries. That is, is a combined term to express difficulty of the particle to degrade relative to the activity of the enzyme produced by the cells. 
Oligosaccharide transport in presence of particle sinking Where we model sinking in our simulations, we assume a constant 1D speed rate along the water column, u (see Figure S2 ). For simplicity, we assume that particle sinking creates a laminar flow around the particle with the same speed as the particle sinking rate. To address the effect of flow on dissolved carbon and enzyme transport, we added advection term to diffusion model for dissolved carbon and enzyme transports (Eq. 7 and 8) and expressed as:
For dissolved carbon: (12) For enzyme: (13) where sink and source terms for dissolved carbon ( ) and enzyme ( ) are all expressed similar to equations 7 and 8, respectively. Similar to the stationary particle simulations, the mesh grid size was chosen to be approximately 10 µm and the time step of calculations was assumed to be similar to the time interval between chemotactic tumbles (5 seconds). At each time step, Dirichlet boundary conditions are applied to the particle surface to the external boundaries of the volume around the particle. At the particle surface a constant flux of oligosaccharide production is considered as given by Eq. 11, as a function of the particleadsorbed enzyme concentration. As above, the external boundary concentration of oligosaccharide is set to zero. A finite difference method was applied to solve Eq. 12 and 13 simultaneously at each time step within the individual-based model.
To model longer time scales of particle sinking in the water column, we implemented a spatial algorithm to only model the effective zone around the particle in each time scale, instead of modeling the whole water column for each time step. Based on analyzing the concentration 2 . s s s s s dp
s dp gradient of dissolved carbon around the particle, we chose the effective zone as the region with concentration gradient above a threshold value (5% of maximum chemical gradient).
'Population-level' analytical bottom-up model
We developed a simple quantitative model to predict the fold change in biomass based on the measurable physiological and behavioral features of marine bacterial isolates. The model is parametrized based on the rate of enzyme production and activity (degradation rate) to predict the total of oligosaccharide production, M over time, given by first order kinetics:
where is the rate of oligosaccharide production per biomass per hour that is derived from enzymes bound to the cell membrane. Bp is the particle-associated fraction of the total biomass.
is the maximum uptake rate, defined as the ratio of maximum growth rate of bacteria, to the yield of substrate conversion to biomass, Y (experimentally measured). is the fraction of monomers that are lost to the bulk environment and the value is assumed from what we obtained from individual-based model simulations, and from previous reports in the literature about the inefficiency of oligosaccharide recovery from hydrolysis (15) . Note that as the enzyme is tethered to the cells, no diffusion for the enzyme is assumed.
The particle-associated biomass production rate is represented based on the combination of Monod-type growth kinetics and attachment-detachment frequencies: (15) where BF is the fraction of free living biomass in the system, [C] is the oligosaccharide concentration, calculated from the ratio of oligosaccharide mass, M to the volume. Ks is the half-
saturation constant, experimentally measured in Figure S10G . and are attachment and detachment rates, respectively, derived from measurements in Figure S10B -C.
The change in free-living biomass, BF is derived from the frequency of attachment and detachment, assuming that free-living cells do not themselves grow:
Experimental methods:
Culture conditions: Strain psych6C06 was previously isolated from an enrichment of nearshore coastal seawater (Nahant, MA, USA) for surface-associated chitin degrading microbial communities (16, 17 
core minimal medium (reflecting natural seawater buffering capacity), we added 50 mM HEPES buffer pH 8.2 to control for the effects of heterotrophic metabolism on pH. We also supplemented the core medium with10 mM NH4Cl, 1 mM Na2PO4, and 1 mM Na2SO4 to create a carbon-limited minimal medium. Where appropriate, we supplemented with the N-acetyl-Dglucosamine (GlcNAc, concentrations indicated). Following overnight growth at 25 ºC, the cell density was measured in 1 cm cuvettes by absorbance measurements at 600 nm (A600) using a Genesys 20 spectrophotometer. Under these conditions, A600 1.0 =8x10 8 cells/mL, measured by serial dilution and plating.
Measurement of Monod growth parameters
To measure the maximum growth rate on GlcNAc, cells were prepared as described above, then diluted to a starting A600 of 0.01 in 4 mL of fresh 20 mM GlcNAc minimal medium in a 10 mL vented polystyrene tube. Absorbance measurements were taken over time, and the linear regression was fit to the plot of ln(A600) vs. time. The slope of this regression is equivalent to the growth rate. To measure the half-saturation constant, cells were diluted from a A600 1.0 by a factor of 10 5 into carbon-free minimal medium, and 100 µl of this dilution was used to inoculate medium containing a GlcNAc at different concentrations (221, 110, 22, 11, 2.2, 1.1, 0.22, 0.11, and 0.02 mg/L). At 2 h time intervals, 100 µl of this culture was plated onto MB 1.5% agar plates.
The resultant colonies were counted, and the change in colony numbers over time was used to derive the growth rate. The maximum growth rate measured by this method was the same as that measured using the A600-based approach. Growth rate was plotted against carbon concentration (S), and the experimentally measured µ and S were fit to the Monod growth equation (µ=µmax(S/(S+Ksat)) to derive parameters µmax and Ksat using a least squares fit with a maximum of 1000 iterations. The biomass yield during growth on GlcNAc was derived from direct measurement of cell density (A600) and GlcNAc depletion using the dintrosalicylic acid reagent method to colorimetrically quantify reducing sugars in cell-free media (19) . The grams of GlcNAc/mL depleted from the media was plotted against the grams of cells produced, at timepoints covering three population doublings (A600 0.1-0.8). The mass of an individual cell was assumed to be 19 fg: a value which we derived from scaling the measured mass of individual E. coli with 60 min doubling time (220 fg, (20) ), by the growth rate of psych6C06 (0.35), and also by a factor of 4 to reflect a linear increase in biomass per cell with osmolarity between M9 and seawater (21) , divided by the ratio of E. coli to psych6C06 volume (16:1).
Measurement of protein production and enzymatic activity
To collect secreted protein and cell-associated protein, cells were grown in large batches. Cells were prepared for inoculation as described above, and inoculated at an initial density of A600 
Bacterial colonization on particles
Precultures with A600 between 0.1-0.3 were prepared as described above and used to colonize magnetic chitin hydrogel particles. To prepare the particles, 500 µl of particle slurry was washed 3 times with carbon-free minimal media using magnetic pulldown. The washed particles were further diluted 1:3 and used to fill 15 mL conical tubes. The particle density in the tubes was counted, and all replicates contained between 200-250 particles per mL with size range from 40 to 100 μm in diameter. This density of particles is consistent with previous studies of community assembly (17) , and provides the equivalent of about 100 µM of the monomeric unit of chitin, Nacetylglucosamine (GlcNAc) to the system. The particles were rotated end over end, so that they fell through the medium due to gravity and remained constantly suspended. Because of the rotation, we were unable to continuously observe the particles and instead sub-sampled the population and made individual measurements of multiple particles at each sampled timepoint.
The density of inoculated cells was set to be at an A600 of 0.01, diluted from 20 mM GlcNAc minimal medium cultures prepared as described above. A vertical wheel (Stuart S3B, 10" diameter wheel) was used to rotate the 15 mL tubes at 5 rpm at room temperature (21-25 C) with overhead rotation. To visualize particles and their surface-associated bacteria, 200 µl subsamples were stained with the DNA-intercalating dye SYTO9 (Thermo Fisher, S34854) at a 1:285 dilution of the stock in 96-well plates with optically clear plastic bottoms (VWR 10062-900).
To avoid evaporation from the wells, sterile self-adhesive sealing films were used to seal the 96well plates.
Confocal microscopy and image processing:
Microscopy was performed on micro-confocal high-content imaging system (ImageXpress Micro Confocal, Molecular Devices), using the 60 µm pinhole spinning disk mode. Fluorescent signal was visualized with a LED light cube (Lumencore Spectra X light engine), and bandpass filters (ex 482/35 nm em 538/40 nm dichroic 506 nm), with a 40x objective (Nikon Ph 2 S Plan Fluor ELWD ADM 0.60 NA cc 0-2 mm, correction collar set to 1.1), and a sCMOS detector (Andor Zyla, pixel size 6.5 µm). To visualize individual particles, particles were manually centered in the field of view and then 100 µm image stacks sampled at Nyquist were acquired in the Z plane using MetaXpress software (version revision 31201). Image analysis was performed in MATLAB (release 2018a). Briefly, image stacks were split in half and a maximum intensity projection was obtained for each half. The low level of fluorescent signal associated with free dye in the hydrogel particles was used to define an intensity threshold suitable to create a binary mask for the particle projections. A mask of the cells within the particles was then defined using their brighter fluorescence intensity. We used this segmentation to quantify the total surface area occupied by the cells on the particle, and to quantify the total surface area occupied by patches.
We define patches as an area greater than that equivalent to three cells (>10 µm 2 ), where cells contact other cells, or were in close proximity (<10µm from nearest neighbor). This definition is analogous to the spacing constraints defined in the individual-based simulation.
To measure cell attachment rates, we converted measurements of cell density on the particle surface into the total number of cells per particle. We assumed that, in the first 4 h of colonization, the accumulation of cells on the particle was due only to attachment. For data points within this time window, we calculated the total number of cells on each particle surface:
we multiplied the measured fractional area occupied by cells on a particle by the measured mean area of an individual cell (0.5 µm 2 ) and the measured mean surface area of each particle (four times the cross-sectional area assuming that particles are spherical). To obtain the fraction of the initial population of cells that accumulated on a particle surface, we divided the number of cells per particle by the initial concentration of cells added to the medium normalized by the initial density of particles. We plotted the fraction of the initial population accumulated on the beads against time, and fit a linear regression model to the data to obtain the rate at which cells encountered the particle. This was repeated for three different initial population sizes to validate the assumption that the initial attachment rate of cells onto particles was constant ( Figure S10B ).
To measure cell detachment rates, magnetic particles colonized by bacteria were prepared as described above, collected by a neodymium magnet, and resuspended in cell-free and carbon-free minimal medium. Measurement of the cell density on particles before and after the transfer indicated that the pull down did not affect the density of cells on the particle.
Measurement of the bead density before and after pull down indicated that there was no appreciable loss of particles during the media exchange. The resuspended particles were incubated with rotation (as described above), and aliquots of the resuspension were collected at <1 h intervals so that the density of cells on the particles could be determined. To calculate the detachment rate from these data, we assumed a constant rate of detachment, and used Taylor expansion of the growth model Nt=e -Koff*t , where Nt is the fraction of cells on the particle at time t relative to the population initially on the particle (initial population=1), and Koff is the detachment rate. Because cells detaching from the particle accumulated in the bulk medium, we confined our analysis to the first three hours following transfer, in which the first (linear) term of a Taylor expansion of the growth model (Nt=1-(Koff*t)) can be assumed to make the largest contribution.
We thus derived the detachment rate Koff, by fitting a linear regression to Nt vs. time. Two different initial colonization densities were tested validate that the detachment rate was constant ( Figure S10C ). . Particle sinking affects local gradients of dissolved organic matter and POM uptake efficiency of particle associated and free-living bacterial cells. A) POM uptake efficiency for a wide range of particle lability affected by the ratio of cell velocity (Vcell) to particle sinking speed (Vflow). B) Spatial patterns of dissolved carbon concentration around the particle.
Concentrations are normalized by the maximum local concentrations for each scenario. C) Mean uptake rate at community level presented for particle associated and free-living bacterial cells. D) Individual cell uptake rate frequencies. The cell velocity is kept constant at 10 µm/s and particle sinking speed is changed from 5 (top) to 10(middle) and 20(bottom) µm/s to evaluate the effects of various ratios. The numbers in grey circle at the peaks of histogram for scenario Vcell <Vflow corresponds to the individual cells spatial location around the particle in Figure S8B Figure 2B with an initial cell density of 1000 and after 10 hours. The dashed grey lines separate single patches. C) A hypothetical scenario with a uniform random distribution of bacterial cells on the particle surface is shown for comparison. In this comparison, the cell-cell distance was calculated between a reference single cell and randomly selected 2000 cells on the particle. Cells at an initial density of 4*10 4 per particle are able to colonize and break down chitin particles, whereas initial densities of 2*10 4 and 1*10 4 cells/particle are not. B) Attachment rates of psych6C06 to chitin hydrogel particles, measured for the initial cell densities shown in panel A. Lines are fit independently for each experiment and give the accumulation rate on the particle.
The average attachment rate is 3.1*10 -2  2.5*10 -3 hr -1 . C) Detachment rates measured using chitin particles colonized for 10 h, and 24 h by an initial population of 4*10 4 cells/particle. The slope of each line gives the rate at which cells leave the chitin particle at each timepoint. The average slope is 2.75*10 5  7*10 3 ) is a compound parameter that is calculated from the product of the catalytic activity of the enzyme, kcat, and the accessibility of cleavage sites within the polymer, α, which determines its lability. In the absence of measurements α is assumed to be one. kcat is defined as the maximum number of polysaccharide molecules cleaved per second per enzyme. represents the molecular weight for oligomers and enzymes. (63) . The data on particle size range and number of particles per one litter of solution are used from field studies (64) to estimate the number of cells per single particles across observed size ranges. The simulations are performed for three initial cell densities for approximately the mean particle lability observed for natural biopolymers (Kp~100hr -1 , Figure 1B ) and POM uptake efficiency is estimated after 10hours. The simulation data are used to predict uptake efficiency from natural marine snow. 
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